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Developmentd causal of aging and pathological cell death, however, very little is known about
its function in the natural processes that support the formation of an organism. It is generally thought that
cells must continuously protect themselves from the possible damage caused by reactive oxygen species
(ROS) (passive ROS function). However, presently, ROS are recognized as physiologically relevant molecules
that mediate cell responses to a variety of stimuli, and the activities of several molecules, some develop-
mentally relevant, are directly or indirectly regulated by oxidative stress (active ROS function). Here we
review recent data that are suggestive of speciﬁc ROS functions during development of animals, particularly
mammals.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe evolution of chlorophyll-containing cyanobacteria ~2.5 billion
years ago provoked radical changes in the composition of our planet’s
atmosphere. Carbon dioxide concentrations fell as oxygen concentra-
tions rose, and rapidly the inhabitants of this changing environment
evolved to exploit this new resource. Yet while essential for energy
generation, incorporating oxygen into metabolic processes had side-
effects, namely, the production of reactive by-products that damage
the very molecules required for life. Under these circumstances,
mechanisms to protect organisms from oxidative damage or to repair
the damage caused by oxygen evolved. And remarkably, apart from
simply seeking to minimize and reduce their damaging effects,
organisms adapted and evolved to exploit these ‘harmful’ molecules
in myriad biological processes. This is most evident and widely-
studied in ‘adult’ organisms, however this reviewwill focus on the role
of such oxygen derivatives in the developmental phases leading to
adulthood.del Desarrollo y Fisiología
, Cuernavaca, Morelos 62250,
l rights reserved.Control of ROS levels and generation of oxidative stress
Reactive oxygen species (ROS) is a generic name given to a variety of
molecules and free radicals derived from molecular oxygen. The
reduction of oxygen produces relatively stable intermediates. One
electron-reduction produces superoxide anion, which is the precursor
of most ROS. As most commonly used, ROS in this review refer to
superoxide, hydrogen peroxide and their derivatives such as the
hydroxyl radical. However, other special ROS with biological effects
exist. Nitric oxide, for example, is a short-lived molecule with a free
electron that regulates many physiological functions by itself, some of
which are associated with development (Kuzin et al., 1996; Regulski et
al., 2004). Hydrogen peroxide is not as reactive as the hydroxyl radical
yet the latter is readily generatedwhen the former is in the presence of
Fe3+ (Fenton reaction). Superoxide is also not very reactive but can
reactwith nitric oxide toproduce the verypotent oxidant peroxynitrite
(Estevez et al., 1998). Singlet oxygen, an electronically excited form of
oxygen, is very reactive and produces clear effects on cells (Klotz et al.,
2003), but its biological relevance waits for more in vivo studies.
ROS production
ROS are formed as unavoidable by-products of aerobic respiration
and various other catabolic and anabolic processes (Halliwell, 1991)
(Fig. 1). For example, the respiratory chain produces essentially super-
Fig. 1. Places in the cell where ROS are produced. Major organelles that are known to be
sources of ROS are depicted. The activity of the respiratory chain in the mitochondria is
responsible of most ROS produced in aerobiosis. On the other hand, the metabolic
pathway that drives the degradation of long chain fatty acids (i.e., β-oxidation) in the
peroxisome is also an important ROS source, though the amount produced depends on
the activity of this metabolic pathway, a property that is cell-type speciﬁc. The function
of ROS produced by cytochrome p450 or NADPH oxidases may be restricted to the area
where they are located. Speciﬁc cytochrome p450 are involved in the synthesis and
degradation of steroid hormones and retinoic acid, relevant molecules in development.
Peroxisomal or cytosolic xanthine oxidase is an enzyme that produces ROS from
molecular oxygen, whose best-characterized function is in the ﬁnal catabolism of
purines. 5-lipoxygenase, an enzyme involved in the synthesis of leukotrienes, can be
found associated with membranes or with the nuclear envelope. ROS can also function
as paracrine signals, as hydrogen peroxide can cross from one cell to another through
aquaporins.
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(Turrens, 2003). Among the enzymes that produce ROS by-products
are (Fig.1): fatty acyl-CoA oxidase, xanthine oxidase, cytochrome p450
systems, cycloxygenases and lipoxygenases (Wanders and Waterham,
2006; Soberman and Christmas, 2003). ROS are directly produced
from oxygen by NADPH oxidases, a major family of enzymes whose
catalytic subunits are encoded by Nox1–5 and Duox1–2 (Lambeth,
2004). Although this activity was initially detected during phagocy-
tosis, it is now known that these enzymes are broadly distributed
among many tissues (Lambeth, 2004). Interestingly, Nox enzymes are
almost exclusive to multicellular organisms (Lalucque and Silar, 2003).
Due to the high reactivity of some ROS, the location where they
are produced is critical for their biological effects (Fig. 1). None-
theless, although it is common to think that ROS are cell autonomous
signals produced within the affected cell, there are examples in
which ROS holding low reactivity, such as hydrogen peroxide, appearto mediate intercellular communication. Paracrine communication
could result when ROS are released from normal (i.e., myoﬁbroblasts)
or apoptotic cells and affect neighboring cells (Pletjushkina et al.,
2005; Waghray et al., 2005). It is frequently considered that hydrogen
peroxide diffuses freely through biological membranes; however, its
water-like electrostatic characteristics suggest a limited simple
passive diffusion. Recently, it was found that speciﬁc aquaporins,
initially described as water channels that are present in all living
cells, facilitate hydrogen peroxide diffusion across cell membranes
(Bienert et al., 2007) (Fig. 1). Diffusion of hydrogen peroxide also
plays a role in the autocrine signaling mediated by NADPH oxidases
(Fig. 1). The diffusibility of ROS is a property that may contribute to
determine the redox state of a community of cells or the propagation
of ROS signals, mechanisms that could coordinate developmental
events such as massive cell death.
ROS elimination
Levels of ROS are not only determined by production, but also by
the rate of ROS degradation or inactivation. In general terms, the
ultimate effect of antioxidants is to decrease the amount of active ROS.
Cells havemanyways to respond against ROS, including enzymatic and
non-enzymatic antioxidants. It is the balance between the production
and degradation of ROS that maintains the cellular homeostasis.
Common non-enzymatic antioxidants are glutathione and thio-
redoxin (Holmgren et al., 2005; Wu et al., 2004). Glutathione
(γ-glutamyl-cysteinyl-glycine; GSH) synthesis is catalyzed by the
sequential action of γ-glutamylcysteine synthetase and GSH synthe-
tase. (Lu, 1999). Once GSH is oxidized (GSSG), the reduced form can be
regenerated by the GSH reductase (Gr). The balance between GSH and
GSSG is a way to determine the redox state within the cell. On the
other hand, thioredoxins (Trx), as well as glutaredoxins (Grx), are
small proteins containing an active site with a redox-active disulﬁde
(Holmgren et al., 2005). These proteins maintain a reduced intra-
cellular redox state in mammalian cells by the reduction of protein
thiols. Two Trx and three Trx reductases (TrxR) are present in mam-
mals, each with a distinct intracellular location (Nakamura, 2005).
Trx1 and TrxR1 are cytosolic or nuclear proteins, whereas Trx2 and
TrxR2 are targeted to the mitochondria. Of the two Grx present
in mammals, Grx2 appears to be in mitochondria and the nucleus
(Lundberg et al., 2001).
Antioxidant enzymes act in concert to remove various ROS pro-
duced by free radical reactions. Superoxide dismutases (Cu/Zn-Sod and
Mn-Sod) scavenge the superoxide radical, converting it into hydrogen
peroxide and oxygen. In mammals there are three Sod: Sod1 (cyto-
plasmic) and Sod3 (secreted) are Cu/Zn-dependent, whereas Sod2
(mitochondrial) is Mn-dependent (Maier and Chan, 2002). Catalase
and the peroxidases, on the other hand, convert hydrogen peroxide
intowater (Kirkman andGaetani, 2007;O’Brien, 2000).Mammals have
many peroxidases but only one catalase (Jin et al., 2003).
GSH and Trx, in addition to forming part of the antioxidant systems
described above, are also speciﬁc substrates of a group of peroxidases.
The glutathione peroxidases (Gpx) are a group of selenoproteins that
catalyze the reduction of peroxides generated by ROS at the expense of
GSH (Arthur, 2000). Four Gpx have been identiﬁed in mammalian
systems: Gpx1 (the most abundant peroxidase), Gpx2 (mostly ex-
pressed in the gastrointestinal tract), Gpx3 (the plasmaGpx form), and
Gpx4 (a membrane-associated protein also called phospholipid
glutathione peroxidase; PHGPx). Gpx4 is unusual in that, besides
being active as a monomer, it is the only enzyme capable of reducing
the peroxidized lipids present in cell membranes (Imai and Nakagawa,
2003). The Trx-dependent peroxidases are known as peroxiredoxins
(Prx). Six Prx have been described in mammals, each with a char-
acteristic intracellular distribution (Wood et al., 2003). Prx1 and Prx2
are found in the cytoplasm; Prx3 is speciﬁc of mitochondria; Prx4 is
found in the endoplasmic reticulum, lysosomes and in the
3L. Covarrubias et al. / Developmental Biology 320 (2008) 1–11extracellular space; and Prx6 exists in both the cytoplasm and
mitochondria. All but Prx3 can be found in the nucleus.
Generation of oxidative stress
An oxidative stress condition is generated when a cell accumulates
an excessive concentration of ROS. This occurs when ROS production
exceeds cellular defenses. All active cells produce a certain amount of
ROS, but antioxidant systems maintain the levels low. As a passive
effect, ROS can be detrimental to cells due to oxidative damage to
lipids, proteins, and DNA. Among the resulting products of this oxida-
tion are lipid hydroperoxides (Rikans and Hornbrook, 1997), carbony-
lated proteins (Dalle-Donne et al., 2003), and DNAwith oxidized bases
(e.g., 7,8-dihydro-8-oxoguanine; David et al., 2007). The following
sections describe the possible active roles of ROS during development.
ROS regulation of signaling molecules
It is nowwell accepted that ROS are signalingmolecules that, aswith
other second messengers, transduce messages from the extracellular
milieu to generate a speciﬁc cellular response (active ROS function). ROS
play deﬁned functions through redox modiﬁcations of a great diversity
of molecules participating in almost every signaling pathway described
up to date. Interestingly, many proteins relevant for development are
sensitive to oxidative stress conditions (Figs. 2, 3). Proteins are known to
undergo redox modiﬁcations mainly at cysteine (Cys) residues,
although other amino acids can be oxidized (e.g., Tyr, Trp, His) (Droge,
2002). Cys thiols undergo different degrees of oxidation by different
ROS at the –SH groups resulting in generation of sulphenic acid (–SOH),
sulphinic acid (–SO2H) or sulphonic acid (–SO3H). Alternatively,
glutathionylation is the modiﬁcation incorporated in the protein after
oxidation. The variety of macromolecules sensitive to redox modiﬁca-
tion by ROS is particularly striking, from extracellularmatrixmolecules,
to phosphatases, kinases and a great number of transcription factors. It
is important to mention that redox regulation in some cases is indirect
through, for instance, the interaction with Trx (Fig. 3).
Kinases and phosphatases
Regulation of protein phosphorylation is fundamental in many
developmental processes; thus, the effect of intracellular redox states
on the activity of protein kinases and protein phosphatases must be
considered of particular interest. Activation of tyrosine kinases is
recurrent in the control of proliferation and differentiation by several
growth factors. Several protein tyrosine kinases (PTK) and protein
tyrosine phosphatases (PTP) have been found to be redox sensitive
(Fig. 3). Possible targets for oxidation are cysteines. In fact, 81 out of 82
PTK have a conserved Cys987, and 65 out of those 81 PTK have this
residuewithin the CXXXXXXXMXXCWmotif (Nakashima et al., 2005).
On the other hand, PTP have the conserved motif CXXXXXR (Rhee,
2006). Serine–threonine kinases are also regulated by redox via thiolFig. 2. Redox regulation of developmentally relevant molecules. Inhibition (−) or
activation (+) can result from direct oxidation of a particular molecule. In addition, a
ROS-mediated signaling pathway can act upstream (arrow at the left) or downstream
(arrow at the right) of a molecule and determine its activity. The scheme shows
molecules whose developmental function has been genetically demonstrated and their
activity is regulated by ROS. The arrow represents embryo development transiting from
anaerobic (green) to oxidative (red) metabolism; molecule position along the arrow
indicates the approximate stage at which the speciﬁc molecule or members of the same
family appear to be essential.modiﬁcations that result in activation or inhibition of kinase activity
(Cross and Templeton, 2004; Giannoni et al., 2005; Humphries et al.,
2005; Park et al., 2000).
Regulation of kinase activity by a redox-regulated phosphatase is
illustrated by the action of a MAP kinase phosphatase (Mkp) on Jun
kinase (Jnk) (Fig. 3). In this case, the inactivation of Jnk by Mkp is
abrogated by the oxidation of the latter (Kamata et al., 2005a).
Another example is Pten, a PIP3 phosphatase that antagonizes the PI3
kinase activity and which, upon oxidation, leads to an up-regulation of
this activity (Lee et al., 2002) (Fig. 3). Trx can also directly inhibit Ask1,
a MAP kinase kinase kinase; ROS activate Ask1 by oxidizing and
inducing the dissociation of Trx (Saitoh et al., 1998) (Fig. 3).
Transcription factors
Transcription factors have been identiﬁed acting at a decisive point
in almost every developmental process. Commonly, transcription
factors are visualized as the end target of all signaling pathways.
Transcriptional activation of speciﬁc genes always involves a multi-
protein complex in which the contribution of an individual transcrip-
tion factor can result from increased stability, protein processing and
posttranslational modiﬁcations. The classical posttranslational mod-
iﬁcation that regulates the activity of transcription factors is phos-
phorylation. However, in recent years redox regulation of trans-
cription factor activity has beenwidely documented. In this part of the
review, we describe the redox regulation of transcription factors with
potential developmental implications (Fig. 2). For more detailed
description of transcription factor redox regulation, we direct readers
to some speciﬁc reviews on the topic (Allen and Tresini, 2000; Dalton
et al., 1999; Sun and Oberley, 1996).
An interesting feature of various redox-regulated transcription
factors is that they possess highly evolutionarily conserved redox-
sensitive Cys residues. For example, paired domain-containing pro-
teins (Pax), known to play important roles during animal development
(Robson et al., 2006), bear two conserved cysteines: Cys37 (with the
exception of hydra Pax-A) and Cys49. A highly basic local environment
surrounds both conserved Cys making these residues ideal targets for
redox regulation (Tell et al., 1998a; Tell et al., 1998b; Tell et al., 2000).
Homeodomain proteins represent another family of transcriptional
factors important for development that can be regulated by redox
conditions (Manak and Scott, 1994). HoxB5 have been found to be
redox sensitive in vitro and, opposite to the effect in other transcription
factors, its DNA-binding ability is enhanced upon oxidation (Galang
and Hauser, 1993). The redox-sensitive amino acid is also a Cys at
position 232. As in the case for Pax proteins, many other homeobox
proteins in several animal species described up to date (e.g., Ant, Scr,
HoxA5, HoxB5, HoxC5, HoxA6, HoxB6, HoxC6, HoxA7, HoxB7) contain a
highly conserved Cys residue (corresponding to Cys39 in the homeo-
box) (Gehring et al., 1994). These highly conserved Cys suggest that the
activity of several Hox proteins is also redox regulated. Cdx2, another
homeobox containing protein, binds in vitro as a dimer to its regulatory
element in a redox-dependent manner (Suh et al., 1994).
Oct proteins, members of the POU domain-containing transcrip-
tion factors, possess a highly conserved Cys at position 50 (Herr and
Cleary, 1995). Experimental evidence has demonstrated that Cys50 is
redox sensitive, at least in Oct2 and Oct4 proteins (Rigoni et al., 1993;
Smith et al., 1998). Oct4 is of special interest because of its essential
function in the maintenance of stem cell pluripotency. Oct4 binding to
the DNA promoter region of Fgf4 is redox-sensitive (Lickteig et al.,
1996) and its transcriptional activity can be increased by direct
interaction with Trx (Guo et al., 2004).
A common mechanism to maintain the reduced state of several
transcription factors is via the combined action of Trx and Ape1/Ref1
(Fig. 3). Ref1 is a multifunctional protein with endonuclease and
oxidoreductase activity (Evans et al., 2000; Xanthoudakis et al., 1992).
Trx can reduce oxidized Ref1 that in turn, in the nucleus, reduces the
Fig. 3. An integrative overview of signalling pathways modulated by redox. Extracellular signals such as growth factors promote initial ROS production mainly through NADPH
oxidases at the plasma membrane. Rac1 controls the activity of such enzymes by regulating its assembly, hence this molecule acts as modulator of signal transduction in several
pathways. Tnfα induce ROS production via mitochondria as well. Other membrane proteins like integrins induce the production of ROS from mitochondria and 5-lipoxygenase
(5-lox). Trx is a key protein that can act as a negative (Ask) or, in combination with Ref, as a positive regulator. Wnt signalling is negatively regulated by reduced Nrx, which binds to
Dvl. Several kinases and phosphatases are redox sensitive. Expression and/or product activity of some speciﬁc transcription factor genes are regulated in response to oxidative stress,
which in turn determine the transcription levels of genes (developmental genes) that control proliferation, differentiation, or cell death. Positive (e.g., Mapk-mediated) and negative
(e.g., antioxidant response) regulatory circuits determine the ﬁnal levels of ROS. Not all the pathways included occur at the same time in the same cell. See text for a more detailed
description of the pathways. Continuous arrows indicate direct or apparent direct interactions, whereas dotted arrows indicate indirect interactions (in some cases the intermediate
proteins are known but were not included for simpliﬁcation). RS/TK, receptor with serine–threonine kinase activity; RTK, receptor with tyrosine kinase activity; FN, ﬁbronectin.
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their activity (Hirota et al., 1997). This mechanism may be relevant for
the restoration of transcriptional activity after oxidative stress. Inte-
restingly, Ref1-deﬁcient mice die shortly after implantation (Xanthou-
dakis et al., 1996). Besides thewell-described case of AP1 transcription
complex (Xanthoudakis et al., 1992), experimental evidence has
shown that at least Pax-5 and Pax-8 DNA-binding activity is increased
by interactionwith Ape1/Ref1 (Cao et al., 2002; Tell et al., 1998a; Tell et
al., 1998b; Tell et al., 2000).
ROS-induced transcriptional activation
In addition to the posttranslational modiﬁcations induced by ROS
on signaling proteins, ROS can induce the transcriptional activation of
speciﬁc genes (Figs. 2, 3). Interestingly, transcription factors that have
been identiﬁed for their role in oxidative stress response also appearto play a fundamental role in developmental processes. For example,
NFκB is induced in response to an increase in ROS concentration
(Martindale and Holbrook, 2002) and its activity is regulated by the
Trx/Ref1 system (Evans et al., 2000; Xanthoudakis et al., 1992). NFκB
activation is in part associated with an antioxidant response, since
Sod2 and Trx are among its target genes (Djavaheri-Mergny et al.,
2004). Dominant-negative inactivation of NFκB in the chick limb
blocks growth (Bushdid et al., 1998; Kanegae et al., 1998) and, in
zebraﬁsh, notocord development is affected (Correa et al., 2004). In
mice, different defects have been observed depending on the NFκB
member ormembers affected; defects include fetal liver degeneration,
altered hematopoiesis, and abnormal formation of several epidermal
appendices (Grossmann et al., 1999; Pohl et al., 2002; Schmidt-Ullrich
et al., 2001). Dorsal, the homologous gene in Drosophila, is essential
for dorso-ventral axis formation (Bergmann et al., 1996). Mice
deﬁcient in FoxO1, another gene activated by oxidative stress, is
Fig. 4. Different levels of ROS induce speciﬁc cellular processes. In general, low levels of
ROS are mitogenic or promote differentiation; higher amount of ROS favor growth
arrest, while even higher ROS concentrations activate apoptosis. See text for speciﬁc
examples.
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(Hosaka et al., 2004), and a combined lack of three FoxOmembers (1, 3
and 4) causes hematopoietic stem cell resistance to oxidative stress
(Tothova et al., 2007).
The coordinated expression of antioxidant genes upon oxidative
stress is controlled, at least in part, by the antioxidant response
element (ARE) (Favreau and Pickett, 1995). The transcription factors
mediating this induction appear to be Nrf1 and Nrf2, members of the
evolutionarily conserved subfamily of bZIP proteins CNC-bZIP (Jaiswal,
2004). Nrf1 and Nrf2 are widely expressed and their overexpression
transactivates ARE-containing promoters. Nrf1 mutant embryos have
an abnormal liver and are anemic, which is the likely cause of lethality
at midgestation (Farmer et al., 1997). Nrf2-deﬁcient mice, on the other
hand, are apparently normal but the expression of some antioxidant
enzymes is decreased and they are sensitive to oxidative stress (Chan
et al., 1996). Cells lacking Nrf1 are also sensitive to treatment with
prooxidants. The analysis of double mutants suggest that Nrf1 an Nrf2
are partially redundant in mediating ARE function and antioxidant
response during embryogenesis (Leung et al., 2003).
Signaling pathways
As brieﬂy highlighted in the previous section abundant in vitro and
in vivo evidence exists that numerous components of different
signaling pathways undergo redox modiﬁcations. In addition, it is
now known that stimulation of several receptors of growth factors
and cytokines actively promote the production of ROS as a down-
stream signaling event (Fig. 3). Therefore, different receptor-mediated
signaling pathways not only respond to cellular redox changes, but
they also actively participate in promoting redox changes inside the
cells. The most studied example is the oxidative burst that occurs
in phagocytic cells. Here, we highlight evidence reported in non-
phagocytic cells.
Mitogen signaling
Different growth factors with mitogenic activity such as Pdgf,
ﬁbroblast growth factor (e.g., Fgf2), and epidermal growth factor (Egf)/
transforming growth factor α (Tgfα) activate signaling pathways that
promote the production of intracellular superoxide and hydrogen
peroxide (Fig. 3). The increased mitogenic activity of Pdgf in the
absence of Prx2 reveals the relevance of ROS in the regulation of cell
proliferation by this growth factor (Choi et al., 2005). NADPH oxidases
have been shown to be responsible for the production of ROS in these
pathways. Interestingly, overexpression of a dominant-negative form
of Ras or Rac1 is capable of blocking the mitogen-induced production
of intracellular superoxide (Cheng et al., 2006; Thannickal et al.,
2000). This demonstrates that Ras and Rac1 are downstream of Pdgf,
Fgf and Egf receptor signaling for the stimulation of ROS production. In
agreement with this proposal, constitutively-active Ras or Rac1 also
activate NADPH oxidase. ROS production induced by constitutively-
active Ras is inhibited by a dominant-negative form of Rac1,
suggesting that Rac1 is downstream of Ras (Cheng et al., 2006).
Importantly, Egf-stimulated ROS production induces the phosphor-
ylation of different cellular proteins that includes the receptor itself,
indicating the presence of a regulatory feedback loop (Thannickal and
Fanburg, 2000). Ngf and Tgfβ also promote the production of ROS; the
former is mediated by Ras and Rac (Suzukawa et al., 2000), whereas
the latter is not (Thannickal et al., 2000).
Integrin signaling
An integrin-dependent signaling mechanism involving ROS pro-
duction has been recently identiﬁed (Fig. 3). Initially, after the
extracellular matrix (e.g., ﬁbronectin, CCN) contacts the cell, ROS are
released from the mitochondria, and later, a second intense ROS burstis detected which is dependent on 5-lipoxygenase, an enzyme in-
volved in the synthesis of leukotrienes from arachidonic acid (Chen et
al., 2007; Taddei et al., 2007). This has two important implications.
First, a single type of receptor is capable of promoting ROS formation
from two different sources, and second, ROS formation can occur at
different times upon the same signaling input. Src appears to be one
relevant ROS target leading to its activation and subsequent focal
adhesion and cytoskeleton rearrangement. Focal adhesion kinase
(Fak) activation by ROS might explain the role of ROS in cell migration
as well as other developmental processes requiring extracellular
matrix–cell adhesion (Ben Mahdi et al., 2000).
Wnt signaling
Wnt proteins are among the most important molecules essential
for animal development (Clevers, 2006). Different signaling pathways
are used byWnt to play multiple roles in embryogenesis, from pattern
formation to speciﬁc cellular processes such as proliferation and
differentiation (Clevers, 2006). The canonical Wnt signaling pathway
results in the accumulation of β-catenin and its translocation to the
nucleus, where it activates the transcription factor Tcf. Cytosolic
accumulation of β-catenin occurs after Wnt binds to its receptor
Frizzled causing the inhibition of the complex that continuously
promotes β-catenin degradation. Dishevelled (Dvl) mediates this
process. Recently, it was determined that a Trx-related protein named
nucleoredoxin (Nrx) could play a regulatory role in this Wnt signaling
pathway by directly controlling Dvl activity (Funato et al., 2006). Nrx
binds to Dvl in its reduced form suppressing Wnt signaling (Fig. 3). In
Xenopus embryos, increasing or reducing Nrx protein level leads to
embryo abnormalities that directly relate to Wnt signaling inhibition
or activation, respectively. Hydrogen peroxide can oxidize Nrx, which
releases Dvl and promotes β-catenin accumulation in the absence of
Wnt ligand. On the basis of these data, it is predicted that ROS levels
are determinant for the activation of the Wnt signaling pathway and,
consequently, should be tightly regulated for correct development.
Cellular processes regulated by ROS
As described above, many molecules relevant for development are
sensitive to the action of ROS. However, is the oxidation of these
particular proteins relevant in deﬁning the fate of a developing cell?
The answer to this question is not known, but many studies in cell
culture have shown the ability of ROS to regulate cellular processes
fundamental for development such as proliferation, differentiation,
death, and migration (Fig. 4). Another question is how are the varied
responses to the same signal (e.g., hydrogen peroxide) generated? ROS
may function as a ‘classical’ second messenger; that is, the speciﬁc
response depends on the cell type, the intracellular compartment
where ROS are produced, and the speciﬁc ROS and dose. Indeed, for
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contrasting p53-dependent effect on cells, in that the former causes
antioxidant-mediated survival, whereas the latter promotes proox-
idant-mediated apoptosis (Sablina et al., 2005).
Proliferation
Proliferating mammalian cells exhibit a broad spectrum of res-
ponses to oxidative stress (Fig. 4). Very low levels of hydrogen
peroxide or superoxide stimulate proliferation of smooth muscle cells
(Rao and Berk, 1992), ﬁbroblasts (Burdon and Rice-Evans, 1989),
amnion cells (Ikebuchi et al., 1991), and aortic endothelial cells (Ruiz-
Gines et al., 2000), among others. Overexpression of antioxidant
enzymes supports the notion of ROS as signals to maintain the growth
of cells. For example, overexpression of catalase and/or Sod2 inhibits
proliferation of vascular smooth muscle cell in response to Egf, which
is accompanied by a reduction in Erk1/2 phosphorylation (Brown et
al., 1999; Shi et al., 2004). On the other hand, higher concentrations of
hydrogen peroxide can temporarily arrest growth, with housekeeping
gene expression halted, and stress-related genes induced (Davies,
1999). After temporary growth arrest, many cells exhibit a transient
adaptive response in which genes for oxidant protection and DNA
repair are preferentially expressed. At even higher hydrogen peroxide
concentrations mammalian ﬁbroblasts are not able to adapt, but
instead enter into a permanently growth-arrested state in which they
appear to perform most normal cell functions but cease to divide, a
state resembling cellular replicative senescence (Davies, 1999). If the
oxidative stress level is further increased, cells die in an organized
manner resulting in apoptosis (see below). As described above, several
mitogens can mediate their effect through the production of ROS.
Differentiation
Major metabolic changes occur as cells specialize within a speciﬁc
lineage. ROS production or elimination must adapt to those changes.
For instance, newborn neurons but not astrocytes acquire high level of
ROS upon differentiation from progenitors (Tsatmali et al., 2005;
Tsatmali et al., 2006). Does the increase in ROS participate in pro-
moting efﬁcient differentiation during development? The answer to
this question is not known but some observations suggest that it is
possible. Cells with low level of ROS isolated from E15 brains diffe-
rentiate into neurons that maintain higher ROS levels. Later, these
immature neurons differentiate into large pyramidal-like neurons and
smaller neurons that express nuclear calretinin. Antioxidant treat-
ment does not alter neuron number but shifts differentiation towards
generating a greater proportion of smaller neurons (Tsatmali et al.,
2006). In addition, ROS have been shown to be essential for NGF-
induced differentiation of PC12 cells (Kamata et al., 2005b), and may
inﬂuence mesencephalic (Studer et al., 2000), neural crest (Morrison
et al., 2000) and oligodendrocyte type-2 (Smith et al., 2000) precursor
cell differentiation.
Neurogenesis is not the exception in ROS-regulated differentiation.
Osteoclast differentiation is also modulated by ROS (Lee et al., 2005).
Signaling through the receptor activator of NFkB (Rank) promotes
differentiation of bonemarrowmonocyte-macrophage lineage (BMM)
cells into osteoclasts. The binding of Rank ligand to its receptor leads
to the recruitment of the Tnf receptor-associated factor 6 (Traf6) to the
cytoplasmic domain of Rank, thereby activating a distinct Mapk
signaling cascade involving Jnk, p38, and Erk. Rank ligand stimulation
of BMM cells transiently increases the intracellular level of ROS by
activating a NADPH oxidase. A deﬁciency in Traf6 blocks Rank-
mediated ROS production, and antioxidants or blocking Nox1 activity
inhibit the responses of BMM cells to Rank ligand, including ROS
production, activation of Mapk, and osteoclast differentiation. A
similar ROS-regulated mechanism has been observed during Caenor-
habditis elegans germ line and vulval development (Shibata et al.,2003). ROS also regulate adipocyte differentiation although in a
negative way. By up-regulating the expression of the gene encoding
the adipogenic repressor Chop-10/Gadd153, mitochondrial ROS
inhibit adipocyte differentiation (Carriere et al., 2004).
Embryonic stem (ES) cells are well suited for studying differentia-
tionwithin all lineages. Using ES-derived embryoid bodies, it has been
shown that cardiomyogenesis is regulated by the intracellular redox
state. During differentiation, NADPH oxidase catalytic subunit Nox4
and the regulatory subunit p67Phox are transiently expressed and ROS
are generated (Li et al., 2006; Sauer et al., 2000). PI3 kinase inhibitors
or Nox4 down-regulation results in a reduction of ROS with a
concomitant decrease in the number of beating foci and a reduction
in the size of the area with cardiomyocytes (Sauer et al., 2000).
Continuous exposure to ROS results in inhibition of cardiomyogenesis
and vasculogenesis, whereas a low-level ROS pulse enhances diffe-
rentiation toward the cardiomyocyte as well as vascular cell lineages
(Li et al., 2006; Sauer and Wartenberg, 2005). Mechanical stress is an
inducer of cardiovascular differentiation of ES cells that is also
associated with NADPH oxidase activity and an increase in ROS.
Treatment with free radical scavengers results in reduction in
expression of genes necessary for cardiovascular differentiation such
as Hif and vascular endothelial growth factor (Vegf) (Schmelter et al.,
2006). It is interesting that during spontaneous differentiation of
human ES cells there is also ROS generation. The expression of various
antioxidant enzymes including mitochondrial and cytoplasmic super-
oxide dismutases, catalase, and peroxiredoxins shows a dramatic
change during early differentiation (Cho et al., 2006).
Cell death
ROS, rather than being a consequence of cell death, are signaling
molecules with the ability to turn on the cell death machinery (Fig. 4).
As in the regulation of proliferation, different ROS levels can result in
different types of cell death. In general, at the lowest death promoting
ROS level, type 1 cell death (i.e., apoptosis) is observed; at inter-
mediate levels, ROS cause type 2 cell death (i.e., autophagy) (Scherz-
Shouval and Elazar, 2007); and at the highest concentrations, ROS
provoke necrotic cell death (Bras et al., 2005). Twomain pathways can
initiate apoptotic cell death: the intrinsic, mitochondrial pathway, and
the extrinsic, receptor-mediated pathway. The generation of ROS can
result inmitochondrial-dependent cell death through the activation of
the Mapk pathway and the proapoptotic Bcl-2 proteins Bax or Bak
(Ueda et al., 2002). The source of ROS does not seem to be important in
the activation of the intrinsic pathway, since mitochondrial as well as
NADPH oxidase-generated ROS can induce cell death depending on
the primary signal, the cell type, or the culture conditions employed
(Fleury et al., 2002; Tammariello et al., 2000). Furthermore, Bax can
regulate ROS production in mitochondria, suggesting a positive feed-
back loop between ROS production and Bax apoptotic activation
(Kirkland et al., 2002).
Cell death triggered upon activation of cell surface death receptors,
the extrinsic pathway, is also ROS modulated. The tumor necrosis
factor alpha (Tnfα) receptor can initiate two death pathways: one
directly activates caspases through adaptor proteins, and a distinct
pathway involves the production of ROS (Shen and Pervaiz, 2006).
Similar to the intrinsic pathway, ROS from different sources contribute
to cell death (Hughes et al., 2005). Mitochondria appear to be themain
ROS source, although in some cases NADPH oxidase and 5-lipox-
ygenase have been shown to contribute (Chen et al., 2004). Different
ROS levels could elicit different effects. For instance, ROS generated
from the NADPH oxidase (low level) protect, whereas mitochondria-
derived ROS (high level) promote apoptosis (Deshpande et al., 2000).
NFκB is the key regulator of the survival response, at least in part, by
the transcriptional activation of antioxidant enzyme genes. The best-
described apoptotic pathway regulated by ROS involves Jnk activation
(Kamata et al., 2005a). Interestingly, there is a positive feedback loop
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stimulated ROS production, which in turn induces Jnk activation.
Tnfα-induced elevated ROS levels are found only in wild-type mouse
ﬁbroblasts but not in Jnk−/− cells (Ventura et al., 2004). Redox regu-
lation of several members of the MAPK pathway described above has
been shown to inﬂuence the outcome in this ROS-mediated cell death
mechanism (Shen and Pervaiz, 2006).
Natural motoneuron death during spinal cord development is an in
vivo example of cell death regulated by ROS (Sanchez-Carbente et al.,
2005). In this case, caspases associated to the extrinsic and intrinsic
pathways appear to interact to promote motoneuron death. In
addition, a caspase-independent death also contributes to this natural
neurodegenerative process.
Developmental processes regulated by ROS
In mammals preimplantation and early postimplantation embry-
ogenesis occurs under almost anaerobic conditions (i.e., a hypoxic
environment; 3–5% oxygen). Thus, it is likely that during this period
the embryo is very sensitive to exogenous factors that could cause
oxidative stress. Accordingly, high ROS levels are detrimental for
growth of embryos in culture, and administering free radical sca-
vengers improves in vitro embryo development (Gardiner and Reed,
1994; Rodriguez-Gonzalez et al., 2003). It is interesting that Oct4,
which is expressed in the embryo proper throughout the entire hy-
poxic period before restricting to the germ line, is positively regulated
by the hypoxia-inducible factor Hif2α (Covello et al., 2006). The
transition from anaerobic glycolysis to oxidative metabolism appears
to occur at E9 in the mouse, coincident with the time at which cho-
rioallantoic circulation is established and the heart starts to beat
(Clough, 1985). Oxygen toxicity to the embryo is well known, but
direct evidence that indicates a function for ROS in a speciﬁc develop-
mental process is scarce.
Spermatogenesis and oogenesis
Germ cells appear to be particularly sensitive to changes in redox
conditions. During spermatogenesis, spermatogenic cells and sper-
matozoa are protected by several antioxidant enzymes (Gu and Hecht,
1996; Nonogaki et al., 1992; Puglisi et al., 2005). Interestingly, three
thioredoxins are exclusively expressed in the spermatids: Sptrx1,
Sptrx2, and Sptrx3. Sptrx1 has a distinctive distribution in the ﬁbrous
sheath during sperm tail elongation at late spermatogenesis (Yu et al.,
2002), whereas Sptrx2 is also localized in the ﬁbrous sheath during
spermatogenesis, but remains in mature epididymal spermatozoa
(Miranda-Vizuete et al., 2003). Sptrx3 is localized in the Golgi appa-
ratus during spermiogenesis (Jimenez et al., 2004). The high con-
centrations of polyunsaturated fatty acids in sperm cells make them
highly susceptible to ROS (Alvarez and Storey, 1995). Membrane
oxidation may affect motility and morphology of the sperm, ﬁnally
reducing the efﬁciency of fusion between gametes (Imai et al., 2001).
In mammals, antioxidant enzymes such as Sod1, Sod2, and Gpx are
present during different stages of oogenesis (El Mouatassim et al.,
1999). All peroxiredoxins are expressed in the oocytes; particularly,
Prx6 is upregulated during in vitro maturation (Leyens et al., 2004).
Interestingly, Sod1-deﬁcient female mice have drastically compro-
mised fertility, with oogenesis halted at the middle of follicle
development (Matzuk et al., 1998). The lack of Sod1 in Drosophila
also causes reduction in fertility (Philips et al., 1989).
Fertilization and early development
GSH appears to have an important role in the preparation of the
oocyte to receive the sperm and in the initiation of embryo dev-
elopment. An increase in GSH concentration in oocyte is associated
with maturation (Luberda, 2005); this high concentration of gluta-thione is maintained during the ﬁrst divisions followed by a con-
tinuous decrease during in vivo preimplantation development
(Gardiner and Reed, 1994). The expression of the peroxiredoxins is
sustained during the ﬁrst cell division; latterly, expression declines at
16-cell embryo stage, before increasing once more at the blastocyst
stage (Leyens et al., 2004). Developmental arrest of mammalian
embryos cultured from just after fertilization frequently coincides
with the initiation of embryonic gene expression. Such arrest at the
two-cell stage in mice is released when embryos are treated with
antioxidants (Natsuyama et al., 1993). All these data are consistent
with normal early development occurring at very low ROS levels. This
condition may apply to other organisms. In Drosophila, the loss of Trx
homolog gene affects oogenesis and early development (Salz et al.,
1994).
One interesting casewhere ROS apparently have a speciﬁc function
is in the hatching of the mouse blastocyst from the zona pellucida
(Thomas et al., 1997), at which time the embryo undergoes a super-
oxide burst. Different superoxide scavengers prevent the blastocyst
from hatching, supporting the essential role of ROS in this process.
Morphogenesis
Among the cellular processes essential for morphogenesis is cell
death. It is interesting that many of the mouse embryo regions where
there is abundant cell death, also show high ROS concentrations
(Salas-Vidal et al., 1998). In particular, high ROS concentration is asso-
ciated to the cell death in the interdigital regions of the developing
limb. ROS levels in the limb appear to be determined by Gpx4, whose
expression is restricted to the digits (Schnabel et al., 2006). Anti-
oxidants are also expressed in the interdigital regions, which could be
part of an antioxidant response due to the high ROS concentrations in
these regions (Schnabel et al., 2006; Shan et al., 2005). In agreement
with a role of ROS in limb morphogenesis, interdigital cell death and
interdigit regression decrease when cultured limbs are treated with
antioxidants (Salas-Vidal et al., 1998; Schnabel et al., 2006). Support-
ing a physiological role of ROS in limb morphogenesis, retinoic acid
induces cell death that is accompanied by an increase in ROS
concentration and a decrease in peroxidase activity (Schnabel et al.,
2006). Retinoic acid is involved in the control of cell death in other
embryo regions (Cuervo et al., 2002), thus it is possible that ROS
participate widely in embryo morphogenesis. In addition, the cell
death that causes cavitation of ES-derived embryoid bodies also
requires ROS, suggesting that ROS are essential for one of the earliest
morphogenetic processes in mammalian development, the formation
of the proamniotic cavity (Hernández-García et al., 2008).
Angiogenesis and cell migration
Angiogenesis is a complex process necessary for embryonic vas-
cular development that, through controlled endothelial cell migration
and proliferation, leads the growth of new capillaries from pre-
existing vessels. Endothelial cell-speciﬁc factors, like Vegf, Pdgf, and
angiopoietin (Ang1) are critical for angiogenesis and are regulated by
redox (Lassegue and Clempus, 2003). ROS contribute to Vegf- and
Pdgf-induced phosphorylation of Akt, Erk1/2, and p38 Mapks in
endothelial cells. The activation of Tie2 receptors by Ang-1 in human
umbilical vein endothelial cells induces rapid and transient produc-
tion of ROS, particularly superoxide anions. ROS production is atte-
nuated by inhibition of the NADPH oxidase assembly and is Rac1-
mediated. Interestingly, Ang1-induced cell migration was strongly
inhibited by overexpression of antioxidants, by a Rac1 dominant-
negative mutant, and by selective NADPH oxidase inhibitors (Har-
fouche et al., 2005). Rac1 alsomediates Vegf-induced proliferation and
migration of endothelial cells, suggesting that NADPH oxidase plays an
important functional role in promoting angiogenesis (Ushio-Fukai
et al., 2002). Interestingly, Nox1 is a potent trigger of angiogenesis
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worth mentioning that hypoxia is a major condition that regulates
angiogenesis, and at least Hif1α is regulated by the Trx/Ref system
(Harris, 2002). Thus, hypoxia and ROS regulatory networks may inter-
act to ﬁnely control angiogenesis.
ROS-regulated migration may not be unique to endothelial cells.
Recently, a genetic screen in Drosophila for genes that alter germ cell
migration identiﬁed a thioredoxin peroxidase gene as essential in this
process (DeGennaro and Lehmann, 2007). Strikingly, overexpression
of this gene promotes early transepithelial migration of germ cells
into the midgut primordium. These observations strongly suggest that
a redox mechanism controls germ cell migration.
Redox regulators in development
The studies in culture indicate that ROS can regulate the funda-
mental cellular processes of development. However, as mentioned
above, only few evidences support an actual developmental role of
ROS. Although the activity of the respiratory chain, or of other ROS
sources, and the presence or absence of antioxidants during dev-
elopment are not indicative of a speciﬁc ROS function, they could serve
as signs of regions and/or times at which ROS potentially have a
function. Unfortunately, the instability of most ROS species in vivo
precludes a conﬁdent determination of their concentration in dev-
eloping cells. High ROS concentration can be determined by staining
with redox-sensitive dyes (Curtin et al., 2002). This strategy has been
mainly applied to cells in culture, though it has been demonstrated
to be useful for detection of high ROS levels in mouse embryos at
different developmental stages (Salas-Vidal et al., 1998; Sanchez-
Carbente et al., 2005; Schnabel et al., 2006). Taking advantage of the
damage caused by oxidative stress, an alternative indirect way to
determine ROS levels is by measuring the oxidation level of macro-Table 1
Phenotype of mice homozygous for null alleles of genes encoding antioxidant and prooxida
Phenotype Genotype Stageb Brief descri
Early developmental
lethality
Aif−/− E9 Small size c
Cyt c−/− E8.5 Embryo de
Ref1−/− E5.5 Abundant c
Gpx4−/− E7.3 Failed to fo
γGcs−/− E8.5 Defects in g
Trx1−/− E5 Failure to h
Trx2−/− ~E10.5 Anterior ne
TrxR1−/− E9.5–10.5 Developme
TrxR2−/− E13.5 Reduced siz
Postnatal defects Sod1−/− 20 months Shorten life
of hepatoca
Sod1−/−; Sod3 20 months Idem and in
Sod2−/− 10 days Neurodegen
Sod2−/−; TgSod1 16 days Idem
Gpx1−/−; Gpx2−/− 3 months Growth ret
and hypoth
Prdx1−/− 9 months Short life sp
Prdx2−/− 6 weeks Anaemic an












a The proteins considered here are those directly producing or eliminating ROS. Proteins t
lethality are included in Fig. 2.
b The earliest stage at which the defect was determined.molecules. In this case, it is important to consider the half-life of the
damaged molecule and repair mechanisms, as these will determine
if the measurements indicate a short-term increase in ROS or an
accumulative damage due to continuous ROS production. This strategy
has been used to determine ROS damage during the adult lifespan, but
its use to estimate ROS level in different embryo regions is limited by
the necessity to dissect the embryo and the amount of tissue needed.
In addition, the enormous dynamics of developing cells may limit the
accumulation of the oxidized macromolecule to below detectable
levels. Reliable determinations of ROS concentration await develop-
ment of new methods that are applicable to live embryos. Recently, a
protein whose ﬂuorescence depends upon oxidation by hydrogen
peroxide was developed (Belousov et al., 2006). Transgenic animals
with this ROS-sensitive protein may allow determining the redox
status of live cells within an organism.
The expression pattern of antioxidant genes is interesting because
they could either deﬁne the areas of high and low ROS levels or reveal
the areas under oxidative stress, as several of those genes respond to
this condition. However, at this time, very little is known about the
regulation of genes involved in the control of the intracellular redox
state during normal development. This lack of information is com-
pensated by data coming from studies where many genes regulating
ROS levels have been mutated or overexpressed, especially in the
mouse (Table 1). Development is affected bymutation in several genes
regulating ROS levels, however, interpretation of their function needs
to be taken with caution. For instance, due to the essential require-
ment of the respiratory chain for ATP production, null mutations
in genes encoding its essential components (e.g., cytochrome c, apop-
tosis inducing factor) are lethal very early in embryogenesis (Li et al.,
2000; Brown et al., 2006). Therefore, decreasing ROS production by
altering the respiratory chain is not possible. On the other hand,
abnormal embryo phenotypes after targeted disruption of genesnt proteinsa
ption of defect Reference
aused by abnormal cell death Brown et al. (2006)
velopmental delay and deﬁcient cell growth Li et al. (2000)
ell death and expanded proamniotic cavity Xanthoudakis et al. (1996)
rm well-organized embryonic structures Yant et al., 2003;
Imai et al. 2003
astrulation Shi et al. (2000)
atch, proliferation affected on ICM cells Matsui et al. (1996)
ural tube open Nonn et al. (2003)
nt retardation and reduced proliferation Jakupoglu et al. (2005)
e and dysplasia of cardiac tissue Conrad et al. (2004)
span probably due to the development
rcinomas
Elchuri et al. (2005)
creased oxidative damage Sentman et al. (2006)
eration and enlarged heart Lebovitz et al. (1996)
Copin et al. (2000)
ardation, intestine mucosal inﬂammation,
ermia
Esworthy et al. (2001)
an, anemia and cancer Neumann et al. (2003)
d bigger spleen Lee et al. (2003)
ve performance affected causing postimplantation
th
Matzuk et al. (1998)
show increased sensitivity to oxidative stress in
als
Ho et al. (2004)
Carlsson et al. (1995)
Ho et al. (1997)
Esworthy et al. (2001)
Rogers et al. (2004)
Li et al. (2007)
Wang et al. (2003)
Gavazzi et al. (2006)
Pollock et al. (1995)
Paffenholz et al. (2004)
hat indirectly contribute to the control of ROS level and whose deﬁciency cause embryo
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during development (Table 1), but it cannot deﬁnitively establish a
role for ROS. The lack of an antioxidant enzyme could increase ROS,
damaging cells or turning on a ROS-mediated pathway out of context,
consequently altering development. Conversely, mice deﬁcient in
several prooxidant and antioxidant enzymes are viable and mild
phenotypes are only observed during adulthood (Table 1). However,
since animals have evolved multiple systems to control ROS levels,
redundancy among different ROS regulatory genes will not be un-
expected. Redundancy may occur within the same gene family. For
example, since mice null for individual Nox are viable, it is pos-
sible that different Nox are redundant for a speciﬁc developmental
function.
Most gene function studies of redox regulation have not been
directed to understand developmental processes. It has been ob-
served that antioxidant gene overexpression frequently has protec-
tive effects upon oxidative stress insults; however, it is important to
note that all transgenic mice produced up to date were selected from
among viable offsprings (see for instance Raineri et al., 2001 and
Schriner et al., 2005). Therefore, disruption of embryo development
caused by a decrease in ROS, due to antioxidant enzyme overpro-
duction, has not been evaluated. Furthermore, new genetic strategies
have not been applied to study the role of ROS in development. It
will be interesting, for instance, to generate conditional mutations in
those genes showing early embryo lethality (Table 1) as well as
controlled induction in time and space of genes encoding antioxidant
enzymes.
Conclusions
Marked metabolic changes occur in cells during development. The
ROS production levels in a cell are likely determined by the metabolic
activity associated to a particular cellular process. On the other
hand, antioxidant activity may be a consequence of the ROS pro-
duction level. The complex mechanisms that cells have to determine
the redox state make it difﬁcult to assign a deﬁnitive developmental
function to ROS based only upon altering ROS or antioxidant levels.
Considering a passive ROS function, it is clear that cells during
development are sensitive to damage by ROS. Disruption of develop-
ment may result from general macromolecular damage that can cause
cell death, and also from the oxidation of speciﬁc key developmental
molecules.
Nearly a century ago, it was proposed that metabolic gradients
guided early development (reviewed in Coffman and Denegre, 2007).
In aerobiosis, metabolic activity mirrors mitochondrial activity since
this organelle produces most of the energy the cell requires. Under
this condition, mitochondria are the major ROS source in cells. And
although counter-intuitive, hypoxia also induces the production of
ROS frommitochondria (Turrens, 2003). Interestingly, mitochondria is
asymmetrically distributed in early embryos of several animals, and in
some instances this distribution has been associated to axis speciﬁca-
tion (Coffman and Denegre, 2007). ROS may be the mitochondrial
signal that contributes to the correct development of embryos from
very early stages. Although this observation supports an active role of
ROS in development, a convincing determination of a developmental
function depends on evidences indicating a requirement of ROS in
speciﬁc processes during embryogenesis. Genetic manipulations
directed to determine the active functions of ROS may bring light in
this difﬁcult task.
The potential inﬂuence of metabolic activity and the resulting ROS
production on development cannot be dismissed. A function of ROS in
development is likely, due to the large amount of evidence showing
that ROS can regulate fundamental cellular processes. Furthermore, it
is possible that oxidation of speciﬁc molecules changes their activity,
and in such a way deﬁnes the fate of a developing cell. We expect that
future research will reveal the reciprocal regulation of signalingcascades and metabolic pathways during animal development, in
which ROS will be a key player.
Acknowledgments
We apologize with those research groups whose work was not
included in this review due to the limitation of space.Wewould like to
thank the present and past members of the Laboratory on Tissue
Degeneration and Regeneration for the fruitful discussions that con-
tributed to the development of some ideas presented in this review;
and to Dr. Christopher Wood for the careful reading of the manuscript
and his valuable suggestions. This work was supported by DGAPA
(IN218607) and CONACyT (31730-N).
References
Allen, R.G., Tresini, M., 2000. Oxidative stress and gene regulation. Free Radic Biol. Med.
28, 463–499.
Alvarez, J.G., Storey, B.T., 1995. Differential incorporation of fatty acids into and per-
oxidative loss of fatty acids from phospholipids of human spermatozoa. Mol.
Reprod. Dev. 42, 334–346.
Arbiser, J.L., et al., 2002. Reactive oxygen generated by Nox1 triggers the angiogenic
switch. Proc. Natl. Acad. Sci. U. S. A. 99, 715–720.
Arthur, J.R., 2000. The glutathione peroxidases. Cell. Mol. Life Sci. 57, 1825–1835.
Belousov, V.V., et al., 2006. Genetically encoded ﬂuorescent indicator for intracellular
hydrogen peroxide. Nat. Methods 3, 281–286.
Ben Mahdi, M.H., et al., 2000. Focal adhesion kinase regulation by oxidative stress in
different cell types. IUBMB Life 50, 291–299.
Bergmann, A., et al., 1996. A gradient of cytoplasmic Cactus degradation establishes the
nuclear localization gradient of the dorsal morphogen in Drosophila. Mech. Dev. 60,
109–123.
Bienert, G.P., et al., 2007. Speciﬁc aquaporins facilitate the diffusion of hydrogen per-
oxide across membranes. J. Biol. Chem. 282, 1183–1192.
Bras, M., et al., 2005. Programmed cell death via mitochondria: different modes of
dying. Biochemistry (Mosc) 70, 231–239.
Brown, M.R., et al., 1999. Overexpression of human catalase inhibits proliferation and
promotes apoptosis in vascular smooth muscle cells. Circ. Res. 85, 524–533.
Brown, D., et al., 2006. Loss of Aif function causes cell death in the mouse embryo, but
the temporal progression of patterning is normal. Proc. Natl. Acad. Sci. U. S. A. 103,
9918–9923.
Burdon, R.H., Rice-Evans, C., 1989. Free radicals and the regulation of mammalian cell
proliferation. Free Radic. Res. Commun. 6, 345–358.
Bushdid, P.B., et al., 1998. Inhibition of NF-kappaB activity results in disruption of the
apical ectodermal ridge and aberrant limb morphogenesis. Nature 392, 615–618.
Cao, X., et al., 2002. Oxidoreductive modiﬁcation of two cysteine residues in paired
domain by Ref-1 regulates DNA-binding activity of Pax-8. Biochem. Biophys. Res.
Commun. 297, 288–293.
Carlsson, L.M., et al., 1995. Mice lacking extracellular superoxide dismutase are more
sensitive to hyperoxia. Proc. Natl. Acad. Sci. U. S. A. 92, 6264–6268.
Carriere, A., et al., 2004. Mitochondrial reactive oxygen species control the transcription
factor CHOP-10/GADD153 and adipocyte differentiation: a mechanism for hypoxia-
dependent effect. J. Biol. Chem. 279, 40462–40469.
Chan, K., et al., 1996. NRF2, a member of the NFE2 family of transcription factors, is not
essential for murine erythropoiesis, growth, and development. Proc. Natl. Acad. Sci.
U. S. A. 93, 13943–13948.
Chen, X.L., et al., 2004. Superoxide, H2O2, and iron are required for TNF-alpha-induced
MCP-1 gene expression in endothelial cells: role of Rac1 and NADPH oxidase. Am. J.
Physiol. Heart Circ. Physiol. 286, H1001–1007.
Chen, C.C., et al., 2007. Cytotoxicity of TNFalpha is regulated by integrin-mediated
matrix signaling. EMBO J. 26, 1257–1267.
Cheng, G., et al., 2006. Nox1-dependent reactive oxygen generation is regulated by Rac1.
J. Biol. Chem. 281, 17718–17726.
Cho, Y.M., et al., 2006. Dynamic changes in mitochondrial biogenesis and antioxidant
enzymes during the spontaneous differentiation of human embryonic stem cells.
Biochem. Biophys. Res. Commun. 348, 1472–1478.
Choi, M.H., et al., 2005. Regulation of PDGF signalling and vascular remodelling by
peroxiredoxin II. Nature 435, 347–353.
Clevers, H., 2006. Wnt/beta-catenin signaling in development and disease. Cell 127,
469–480.
Clough, J.R., 1985. Energymetabolism duringmammalian embryogenesis. Biochem. Soc.
Trans. 13, 77–79.
Coffman, J.A., Denegre, J.M., 2007. Mitochondria, redox signaling and axis speciﬁcation
in metazoan embryos. Dev. Biol. 308, 266–280.
Conrad, M., et al., 2004. Essential role for mitochondrial thioredoxin reductase in
hematopoiesis, heart development, and heart function.Mol. Cell. Biol. 24, 9414–9423.
Copin, J.C., et al., 2000. Overexpression of copper/zinc superoxide dismutase does not
prevent neonatal lethality in mutant mice that lack manganese superoxide
dismutase. Free Radic. Biol. Med. 28, 1571–1576.
Correa, R.G., et al., 2004. Characterization of NF-kappa B/I kappa B proteins in zebra ﬁsh
and their involvement in notochord development. Mol. Cell. Biol. 24, 5257–5268.
Covello, K.L., et al., 2006. HIF-2alpha regulates Oct-4: effects of hypoxia on stem cell
function, embryonic development, and tumor growth. Genes Dev. 20, 557–570.
10 L. Covarrubias et al. / Developmental Biology 320 (2008) 1–11Cross, J.V., Templeton, D.J., 2004. Oxidative stress inhibits MEKK1 by site-speciﬁc
glutathionylation in the ATP-binding domain. Biochem. J. 381, 675–683.
Cuervo, R., et al., 2002. Programmed cell death is required for palate shelf fusion and is
regulated by retinoic acid. Dev. Biol. 245, 145–156.
Curtin, J.F., et al., 2002. Regulation and measurement of oxidative stress in apoptosis.
J. Immunol. Methods 265, 49–72.
Dalle-Donne, I., et al., 2003. Protein carbonyl groups as biomarkers of oxidative stress.
Clin. Chim. Acta 329, 23–38.
Dalton, T.P., et al., 1999. Regulation of gene expression by reactive oxygen. Annu. Rev.
Pharmacol. Toxicol. 39, 67–101.
David, S.S., et al., 2007. Base-excision repair of oxidative DNA damage. Nature 447,
941–950.
Davies, K.J., 1999. The broad spectrum of responses to oxidants in proliferating cells: a
new paradigm for oxidative stress. IUBMB Life 48, 41–47.
DeGennaro, M., Lehmann, R., 2007. Redox regulation of germ cell migration in Droso-
phila. Dev. Biol. 306, 383–384.
Deshpande, S.S., et al., 2000. Rac1 inhibits TNF-alpha-induced endothelial cell
apoptosis: dual regulation by reactive oxygen species. FASEB J. 14, 1705–1714.
Djavaheri-Mergny, M., et al., 2004. NF-kappaB activation prevents apoptotic oxidative
stress via an increase of both thioredoxin and MnSOD levels in TNFalpha-treated
Ewing sarcoma cells. FEBS Lett. 578, 111–115.
Droge, W., 2002. Free radicals in the physiological control of cell function. Physiol. Rev.
82, 47–95.
Elchuri, S., et al., 2005. CuZnSOD deﬁciency leads to persistent and widespread
oxidative damage and hepatocarcinogenesis later in life. Oncogene 24, 367–380.
El Mouatassim, S., et al., 1999. Expression of genes encoding antioxidant enzymes in
human andmouse oocytes during the ﬁnal stages of maturation. Mol. Hum. Reprod.
5, 720–725.
Estevez, A.G., et al., 1998. Nitric oxide and superoxide contribute to motor neuron
apoptosis induced by trophic factor deprivation. J. Neurosci. 18, 923–931.
Esworthy, R.S., et al., 2001. Mice with combined disruption of Gpx1 and Gpx2 genes
have colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 281, G848–855.
Evans, A.R., et al., 2000. Going APE over ref-1. Mutat. Res. 461, 83–108.
Farmer, S.C., et al., 1997. The bZIP transcription factor LCR-F1 is essential for mesoderm
formation in mouse development. Genes Dev. 11, 786–798.
Favreau, L.V., Pickett, C.B., 1995. The rat quinone reductase antioxidant response
element. Identiﬁcation of the nucleotide sequence required for basal and inducible
activity and detection of antioxidant response element-binding proteins in
hepatoma and non-hepatoma cell lines. J. Biol. Chem. 270, 24468–24474.
Fleury, C., et al., 2002. Mitochondrial reactive oxygen species in cell death signaling.
Biochimie 84, 131–141.
Funato, Y., et al., 2006. The thioredoxin-related redox-regulating protein nucleore-
doxin inhibits Wnt-beta-catenin signalling through Dishevelled. Nat. Cell Biol. 8,
501–508.
Galang, C.K., Hauser, C.A., 1993. Cooperative DNA binding of the human HoxB5 (Hox-2.1)
protein is under redox regulation in vitro. Mol. Cell. Biol. 13, 4609–4617.
Gardiner, C.S., Reed, D.J., 1994. Status of glutathione during oxidant-induced oxidative
stress in the preimplantation mouse embryo. Biol. Reprod. 51, 1307–1314.
Gavazzi, G., et al., 2006. Decreased blood pressure in NOX1-deﬁcient mice. FEBS Lett.
580, 497–504.
Gehring, W.J., et al., 1994. Homeodomain proteins. Annu. Rev. Biochem. 63, 487–526.
Giannoni, E., et al., 2005. Intracellular reactive oxygen species activate Src tyrosine
kinase during cell adhesion and anchorage-dependent cell growth. Mol. Cell. Biol.
25, 6391–6403.
Grossmann, M., et al., 1999. The combined absence of the transcription factors Rel and
RelA leads to multiple hemopoietic cell defects. Proc. Natl. Acad. Sci. U. S. A. 96,
11848–11853.
Gu,W., Hecht, N.B., 1996. Developmental expression of glutathione peroxidase, catalase,
and manganese superoxide dismutase mRNAs during spermatogenesis in the
mouse. J. Androl. 17, 256–262.
Guo, Y., et al., 2004. Redox regulation of the embryonic stem cell transcription factor
Oct-4 by thioredoxin. Stem. Cells. 22, 259–264.
Halliwell, B., 1991. Reactive oxygen species in living systems: source, biochemistry, and
role in human disease. Am. J. Med. 91, 14S–22S.
Harfouche, R., et al., 2005. Roles of reactive oxygen species in angiopoietin-1/tie-2
receptor signaling. FASEB J. 19, 1728–1730.
Harris, A.L., 2002. Hypoxia—a key regulatory factor in tumour growth. Nat. Rev. Cancer
2, 38–47.
Hernández-García, D., et al., 2008. Cell death activation during cavitation of embryoid
bodies is mediated by hydrogen peroxide. Exp. Cell Res., doi:10.1016/j.
yexcr.2008.03.005
Herr, W., Cleary, M.A., 1995. The POU domain: versatility in transcriptional regulation by
a ﬂexible two-in-one DNA-binding domain. Genes Dev. 9, 1679–1693.
Hirota, K., et al., 1997. AP-1 transcriptional activity is regulated by a direct association
between thioredoxin and Ref-1. Proc. Natl. Acad. Sci. U. S. A. 94, 3633–3638.
Ho, Y.S., et al., 1997. Mice deﬁcient in cellular glutathione peroxidase develop normally
and show no increased sensitivity to hyperoxia. J. Biol. Chem. 272, 16644–16651.
Ho, Y.S., et al., 2004. Mice lacking catalase develop normally but show differential
sensitivity to oxidant tissue injury. J. Biol. Chem. 279, 32804–32812.
Holmgren, A., et al., 2005. Thiol redox control via thioredoxin and glutaredoxin systems.
Biochem. Soc. Trans. 33, 1375–1377.
Hosaka, T., et al., 2004. Disruption of forkhead transcription factor (FOXO) family
members in mice reveals their functional diversiﬁcation. Proc. Natl. Acad. Sci.
U. S. A. 101, 2975–2980.
Hughes, G., et al., 2005. Mitochondrial reactive oxygen species regulate the temporal
activation of nuclear factor kappaB to modulate tumour necrosis factor-inducedapoptosis: evidence from mitochondria-targeted antioxidants. Biochem. J. 389,
83–89.
Humphries, K.M., et al., 2005. Enhanced dephosphorylation of cAMP-dependent protein
kinase by oxidation and thiol modiﬁcation. J. Biol. Chem. 280, 2750–2758.
Ikebuchi, Y., et al., 1991. Superoxide anion increases intracellular pH, intracellular
free calcium, and arachidonate release in human amnion cells. J. Biol. Chem. 266,
13233–13237.
Imai, H., Nakagawa, Y., 2003. Biological signiﬁcance of phospholipid hydroperoxide
glutathione peroxidase (PHGPx, GPx4) in mammalian cells. Free. Radic. Biol. Med.
34, 145–169.
Imai, H., et al., 2001. Failure of the expression of phospholipid hydroperoxide
glutathione peroxidase in the spermatozoa of human infertile males. Biol. Reprod.
64, 674–683.
Imai, H., et al., 2003. Early embryonic lethality caused by targeted disruption of the
mouse PHGPx gene. Biochem. Biophys. Res. Commun. 305, 278–286.
Jaiswal, A.K., 2004. Nrf2 signaling in coordinated activation of antioxidant gene expres-
sion. Free Radic. Biol. Med. 36, 1199–1207.
Jakupoglu, C., et al., 2005. Cytoplasmic thioredoxin reductase is essential for embryo-
genesis but dispensable for cardiac development. Mol. Cell. Biol. 25, 1980–1988.
Jimenez, A., et al., 2004. Spermatocyte/spermatid-speciﬁc thioredoxin-3, a novel Golgi
apparatus-associated thioredoxin, is a speciﬁc marker of aberrant spermatogenesis.
J. Biol. Chem. 279, 34971–34982.
Jin, L.H., et al., 2003. Human liver catalase: cloning, expression and characterization of
monoclonal antibodies. Mol. Cells 15, 381–386.
Kamata, H., et al., 2005a. Reactive oxygen species promote TNFalpha-induced death and
sustained JNK activation by inhibiting MAP kinase phosphatases. Cell 120, 649–661.
Kamata, H., et al., 2005b. Redox regulation of nerve growth factor-induced neuronal
differentiation of PC12 cells through modulation of the nerve growth factor
receptor, TrkA. Arch. Biochem. Biophys. 434, 16–25.
Kanegae, Y., et al., 1998. Role of Rel/NF-kappaB transcription factors during the
outgrowth of the vertebrate limb. Nature 392, 611–614.
Kirkland, R.A., et al., 2002. A Bax-induced pro-oxidant state is critical for cytochrome c
release during programmed neuronal death. J. Neurosci. 22, 6480–6490.
Kirkman, H.N., Gaetani, G.F., 2007. Mammalian catalase: a venerable enzyme with new
mysteries. Trends Biochem. Sci. 32, 44–50.
Klotz, L.O., et al., 2003. Singlet oxygen-induced signaling effects in mammalian cells.
Photochem. Photobiol. Sci. 2, 88–94.
Kuzin, B., et al., 1996. Nitric oxide regulates cell proliferation during Drosophila
development. Cell 87, 639–649.
Lalucque, H., Silar, P., 2003. NADPH oxidase: an enzyme for multicellularity? Trends
Microbiol. 11, 9–12.
Lambeth, J.D., 2004. NOX enzymes and the biology of reactive oxygen. Nat. Rev.
Immunol. 4, 181–189.
Lassegue, B., Clempus, R.E., 2003. Vascular NAD(P)H oxidases: speciﬁc features, ex-
pression, and regulation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 285, R277–297.
Lebovitz, R.M., et al., 1996. Neurodegeneration, myocardial injury, and perinatal death in
mitochondrial superoxide dismutase-deﬁcient mice. Proc. Natl. Acad. Sci. U. S. A. 93,
9782–9787.
Lee, S.R., et al., 2002. Reversible inactivation of the tumor suppressor PTEN by H2O2.
J. Biol. Chem. 277, 20336–20342.
Lee, T.H., et al., 2003. Peroxiredoxin II is essential for sustaining life span of erythrocytes
in mice. Blood. 101, 5033–5038.
Lee, N.K., et al., 2005. A crucial role for reactive oxygen species in RANKL-induced
osteoclast differentiation. Blood 106, 852–859.
Leung, L., et al., 2003. Deﬁciency of the Nrf1 and Nrf2 transcription factors results
in early embryonic lethality and severe oxidative stress. J. Biol. Chem. 278,
48021–48029.
Leyens, G., et al., 2004. Peroxiredoxin 6 is upregulated in bovine oocytes and cumulus
cells during in vitro maturation: role of intercellular communication. Biol. Reprod.
71, 1646–1651.
Li, K., et al., 2000. Cytochrome c deﬁciency causes embryonic lethality and attenuates
stress-induced apoptosis. Cell 101, 389–399.
Li, J., et al., 2006. The NADPH oxidase NOX4 drives cardiac differentiation: role in
regulating cardiac transcription factors andMAP kinase activation. Mol. Biol. Cell 17,
3978–3988.
Li, L., et al., 2007. Increased susceptibility of MER5 (peroxiredoxin III) knockout mice to
LPS-induced oxidative stress. Biochem. Biophys. Res. Commun. 355, 715–721.
Lickteig, K., et al., 1996. Effects of oxidation and reduction on the binding of
transcription factors to cis-regulatory elements located in the FGF-4 gene. Mol.
Reprod. Dev. 44, 146–152.
Lu, S.C., 1999. Regulation of hepatic glutathione synthesis: current concepts and
controversies. FASEB J. 13, 1169–1183.
Luberda, Z., 2005. The role of glutathione in mammalian gametes. Reprod. Biol. 5, 5–17.
Lundberg, M., et al., 2001. Cloning and expression of a novel human glutaredoxin (Grx2)
with mitochondrial and nuclear isoforms. J. Biol. Chem. 276, 26269–26275.
Maier, C.M., Chan, P.H., 2002. Role of superoxide dismutases in oxidative damage and
neurodegenerative disorders. Neuroscientist. 8, 323–334.
Manak, J.R., Scott, M.P., 1994. A class act: conservation of homeodomain protein func-
tions. Dev. Suppl. 61–77.
Martindale, J.L., Holbrook, N.J., 2002. Cellular response to oxidative stress: signaling for
suicide and survival. J. Cell. Physiol. 192, 1–15.
Matsui, M., et al., 1996. Early embryonic lethality caused by targeted disruption of the
mouse thioredoxin gene. Dev. Biol. 178, 179–185.
Matzuk, M.M., et al., 1998. Ovarian function in superoxide dismutase 1 and 2 knockout
mice. Endocrinology 139, 4008–4011.
Miranda-Vizuete, A., et al., 2003. Cloning and developmental analysis of murid
11L. Covarrubias et al. / Developmental Biology 320 (2008) 1–11spermatid-speciﬁc thioredoxin-2 (SPTRX-2), a novel sperm ﬁbrous sheath protein
and autoantigen. J. Biol. Chem. 278, 44874–44885.
Morrison, S.J., et al., 2000. Culture in reduced levels of oxygen promotes clonogenic
sympathoadrenal differentiation by isolated neural crest stem cells. J. Neurosci. 20,
7370–7376.
Nakamura, H., 2005. Thioredoxin and its related molecules: update 2005. Antioxid.
Redox. Signal. 7, 823–828.
Nakashima, I., et al., 2005. Redox control of catalytic activities of membrane-associated
protein tyrosine kinases. Arch. Biochem. Biophys. 434, 3–10.
Natsuyama, S., et al., 1993. Superoxide dismutase and thioredoxin restore defective
p34cdc2 kinase activation inmouse two-cell block. Biochim. Biophys. Acta 1176, 90–94.
Neumann, C.A., et al., 2003. Essential role for the peroxiredoxin Prdx1 in erythrocyte
antioxidant defence and tumour suppression. Nature 424, 561–565.
Nonn, L., et al., 2003. The absence of mitochondrial thioredoxin 2 causes massive
apoptosis, exencephaly, and early embryonic lethality in homozygous mice. Mol.
Cell. Biol. 23, 916–922.
Nonogaki, T., et al., 1992. Effects of superoxide dismutase on mouse in vitro fertilization
and embryo culture system. J. Assist. Reprod. Genet. 9, 274–280.
O’Brien, P.J., 2000. Peroxidases. Chem. Biol. Interact. 129, 113–139.
Paffenholz, R., et al., 2004. Vestibular defects in head-tilt mice result from mutations in
Nox3, encoding an NADPH oxidase. Genes Dev. 18, 486–491.
Park, H.S., et al., 2000. Selenite inhibits the c-Jun N-terminal kinase/stress-activated
protein kinase (JNK/SAPK) through a thiol redox mechanism. J. Biol. Chem. 275,
2527–2531.
Philips, J.P., et al., 1989. Null mutation of copper/zinc superoxide dismutase in Droso-
phila confers hypersensitivity to paraquat and reduced longevity. Proc. Natl. Acad.
Sci. U. S. A. 86, 2761–2765.
Pletjushkina, O.Y., et al., 2005. Long-distance apoptotic killing of cells is mediated by
hydrogen peroxide in amitochondrial ROS-dependent fashion. Cell Death Differ. 12,
1442–1444.
Pohl, T., et al., 2002. The combined absence of NF-kappa B1 and c-Rel reveals that
overlapping roles for these transcription factors in the B cell lineage are restricted to
the activation and function ofmature cells. Proc. Natl. Acad. Sci. U. S. A. 99, 4514–4519.
Pollock, J.D., et al., 1995. Mouse model of X-linked chronic granulomatous disease, an
inherited defect in phagocyte superoxide production. Nat. Genet. 9, 202–209.
Puglisi, R., et al., 2005. PHGPx in spermatogenesis: howmany functions? Contraception
72, 291–293.
Raineri, I., et al., 2001. Strain-dependent high-level expression of a transgene for
manganese superoxide dismutase is associated with growth retardation and dec-
reased fertility. Free Radic. Biol. Med. 31, 1018–1030.
Rao, G.N., Berk, B.C., 1992. Active oxygen species stimulate vascular smooth muscle cell
growth and proto-oncogene expression. Circ. Res. 70, 593–599.
Regulski, M., et al., 2004. Essential function of nitric oxide synthase in Drosophila. Curr.
Biol. 14, R881–882.
Rhee, S.G., 2006. Cell signaling. H2O2, a necessary evil for cell signaling. Science 312,
1882–1883.
Rigoni, P., et al., 1993. Conserved cysteine residues of Oct-2 POU domain confer
sensitivity to oxidation but are dispensable for sequence-speciﬁc DNA binding.
Biochim. Biophys. Acta 1173, 141–146.
Rikans, L.E., Hornbrook, K.R., 1997. Lipid peroxidation, antioxidant protection and aging.
Biochim. Biophys. Acta 1362, 116–127.
Robson, E.J., et al., 2006. A PANorama of PAX genes in cancer and development. Nat. Rev.
Cancer 6, 52–62.
Rodriguez-Gonzalez, E., et al., 2003. Effects on in vitro embryo development and
intracellular glutathione content of the presence of thiol compounds during
maturation of prepubertal goat oocytes. Mol. Reprod. Dev. 65, 446–453.
Rogers, L.K., et al., 2004. Analyses of glutathione reductase hypomorphic mice indicate a
genetic knockout. Toxicol. Sci. 82, 367–373.
Ruiz-Gines, J.A., et al., 2000. Reactive oxygen species induce proliferation of bovine
aortic endothelial cells. J. Cardiovasc. Pharmacol. 35, 109–113.
Sablina, A.A., et al., 2005. The antioxidant function of the p53 tumor suppressor. Nat.
Med. 11, 1306–1313.
Saitoh, M., et al., 1998. Mammalian thioredoxin is a direct inhibitor of apoptosis signal-
regulating kinase (ASK) 1. Embo. J. 17, 2596–2606.
Salas-Vidal, E., et al., 1998. Reactive oxygen species participate in the control of mouse
embryonic cell death. Exp. Cell Res. 238, 136–147.
Salz, H.K., et al., 1994. The Drosophila maternal effect locus deadhead encodes a
thioredoxin homolog required for female meiosis and early embryonic develop-
ment. Genetics 136, 1075–1086.
Sanchez-Carbente, M.R., et al., 2005. Motoneuronal death during spinal cord
development is mediated by oxidative stress. Cell Death Differ. 12, 279–291.
Sauer, H., Wartenberg, M., 2005. Reactive oxygen species as signaling molecules in
cardiovascular differentiation of embryonic stem cells and tumor-induced angio-
genesis. Antioxid. Redox Signal. 7, 1423–1434.
Sauer, H., et al., 2000. Role of reactive oxygen species and phosphatidylinositol 3-kinase
in cardiomyocyte differentiation of embryonic stem cells. FEBS Lett. 476, 218–223.
Scherz-Shouval, R., Elazar, Z., 2007. ROS, mitochondria and the regulation of autophagy.
Trends Cell Biol. 17, 422–427.
Schmelter, M., et al., 2006. Embryonic stem cells utilize reactive oxygen species as
transducers of mechanical strain-induced cardiovascular differentiation. FASEB J.
20, 1182–1184.
Schmidt-Ullrich, R., et al., 2001. Requirement of NF-kappaB/Rel for the development of
hair follicles and other epidermal appendices. Development 128, 3843–3853.
Schnabel, D., et al., 2006. Expression and regulation of antioxidant enzymes in the
developing limb support a function of ROS in interdigital cell death. Dev. Biol. 291,
291–299.Schriner, S.E., et al., 2005. Extension of murine life span by overexpression of catalase
targeted to mitochondria. Science 308, 1909–1911.
Sentman, M.L., et al., 2006. Phenotypes of mice lacking extracellular superoxide dis-
mutase and copper- and zinc-containing superoxide dismutase. J. Biol. Chem. 281,
6904–6909.
Shan, S.W., et al., 2005. Comparative proteomic analysis identiﬁes protein disulﬁde
isomerase and peroxiredoxin 1 as new players involved in embryonic interdigital
cell death. Dev. Dyn. 233, 266–281.
Shen, H.M., Pervaiz, S., 2006. TNF receptor superfamily-induced cell death: redox-
dependent execution. FASEB J. 20, 1589–1598.
Shi, Z.Z., et al., 2000. Glutathione synthesis is essential for mouse development but not
for cell growth in culture. Proc. Natl. Acad. Sci. U. S. A. 97, 5101–5106.
Shi, M., et al., 2004. Overexpression of Cu/Zn-superoxide dismutase and/or catalase in
mice inhibits aorta smooth muscle cell proliferation. Am. J. Hypertens. 17, 450–456.
Shibata, Y., et al., 2003. Redox regulation of germline and vulval development in Cae-
norhabditis elegans. Science. 302, 1779–1782.
Smith, A.G., et al., 1998. Redox regulation of Brn-2/N-Oct-3 POU domain DNA binding
activity and proteolytic formation of N-Oct-5 during melanoma cell nuclear
extraction. Melanoma Res. 8, 2–10.
Smith, J., et al., 2000. Redox state is a central modulator of the balance between self-
renewal and differentiation in a dividing glial precursor cell. Proc. Natl. Acad. Sci.
U. S. A. 97, 10032–10037.
Soberman, R.J., Christmas, P., 2003. The organization and consequences of eicosanoid
signaling. J. Clin. Invest. 111, 1107–1113.
Studer, L., et al., 2000. Enhanced proliferation, survival, and dopaminergic differentia-
tion of CNS precursors in lowered oxygen. J. Neurosci. 20, 7377–7383.
Suh, E., et al., 1994. A homeodomain protein related to caudal regulates intestine-
speciﬁc gene transcription. Mol. Cell. Biol. 14, 7340–7351.
Sun, Y., Oberley, L.W., 1996. Redox regulation of transcriptional activators. Free Radic.
Biol. Med. 21, 335–348.
Suzukawa, K., et al., 2000. Nerve growth factor-induced neuronal differentiation
requires generation of Rac1-regulated reactive oxygen species. J. Biol. Chem. 275,
13175–13178.
Taddei, M.L., et al., 2007. Integrin-mediated cell adhesion and spreading engage
different sources of reactive oxygen species. Antioxid. Redox Signal. 9, 469–481.
Tammariello, S.P., et al., 2000. NADPH oxidase contributes directly to oxidative stress
and apoptosis in nerve growth factor-deprived sympathetic neurons. J. Neurosci.
20, RC53.
Tell, G., et al., 1998a. Ref-1 controls pax-8 DNA-binding activity. Biochem. Biophys. Res.
Commun. 252, 178–183.
Tell, G., et al., 1998b. Redox potential controls the structure and DNA binding activity
of the paired domain. J. Biol. Chem. 273, 25062–25072.
Tell, G., et al., 2000. An ‘environment to nucleus’ signaling system operates in B
lymphocytes: redox status modulates BSAP/Pax-5 activation through Ref-1 nuclear
translocation. Nucleic Acids Res. 28, 1099–1105.
Thannickal, V.J., et al., 2000. Ras-dependent and -independent regulation of reactive
oxygen species by mitogenic growth factors and TGF-beta1. FASEB J 14, 1741–1748.
Thannickal, V.J., Fanburg, B.L., 2000. Reactive oxygen species in cell signaling. Am. J.
Physiol. Lung Cell. Mol. Physiol. 279, L1005–1028.
Thomas, M., et al., 1997. A programmed oxyradical burst causes hatching of mouse
blastocysts. J. Cell Sci. 110 (Pt 14), 1597–1602.
Tothova, Z., et al., 2007. FoxOs are critical mediators of hematopoietic stem cell
resistance to physiologic oxidative stress. Cell. 128, 325–339.
Tsatmali, M., et al., 2005. Newborn neurons acquire high levels of reactive oxygen
species and increased mitochondrial proteins upon differentiation from progeni-
tors. Brain Res. 1040, 137–150.
Tsatmali, M., et al., 2006. Reactive oxygen species modulate the differentiation of
neurons in clonal cortical cultures. Mol. Cell. Neurosci. 33, 345–357.
Turrens, J.F., 2003. Mitochondrial formation of reactive oxygen species. J. Physiol. 552,
335–344.
Ueda, S., et al., 2002. Redox control of cell death. Antioxid. Redox Signal. 4, 405–414.
Ushio-Fukai, M., et al., 2002. Novel role of gp91(phox)-containing NAD(P)H oxidase in
vascular endothelial growth factor-induced signaling and angiogenesis. Circ. Res.
91, 1160–1167.
Ventura, J.J., et al., 2004. JNK potentiates TNF-stimulated necrosis by increasing the
production of cytotoxic reactive oxygen species. Genes Dev. 18, 2905–2915.
Waghray, M., et al., 2005. Hydrogen peroxide is a diffusible paracrine signal for the
induction of epithelial cell death by activated myoﬁbroblasts. FASEB J. 19, 854–856.
Wanders, R.J., Waterham, H.R., 2006. Biochemistry of mammalian peroxisomes
revisited. Annu. Rev. Biochem. 75, 295–332.
Wang, X., et al., 2003. Mice with targetedmutation of peroxiredoxin 6 develop normally
but are susceptible to oxidative stress. J. Biol. Chem. 278, 25179–25190.
Wood, Z.A., et al., 2003. Structure, mechanism and regulation of peroxiredoxins. Trends
Biochem. Sci. 28, 32–40.
Wu, G., et al., 2004. Glutathione metabolism and its implications for health. J. Nutr. 134,
489–492.
Xanthoudakis, S., et al., 1992. Redox activation of Fos–Jun DNA binding activity is
mediated by a DNA repair enzyme. EMBO J. 11, 3323–3335.
Xanthoudakis, S., et al., 1996. The redox/DNA repair protein, Ref-1, is essential for early
embryonic development in mice. Proc. Natl. Acad. Sci. U. S. A. 93, 8919–8923.
Yant, L.J., et al., 2003. The selenoprotein GPX4 is essential for mouse development and
protects from radiation and oxidative damage insults. Free Radic. Biol. Med. 34,
496–502.
Yu, Y., et al., 2002. Developmental expression of spermatid-speciﬁc thioredoxin-1
protein: transient association to the longitudinal columns of the ﬁbrous sheath
during sperm tail formation. Biol. Reprod. 67, 1546–1554.
